Introduction 32 33
The gas-phase photooxidation of isoprene (2-methyl-1,3-butadiene), the largest biogenic volatile 34 organic compound (VOC) emitted worldwide (Guenther et al., 2012) , yields isomeric isoprene epoxydiols 35 (IEPOX) (Paulot et al., 2009 ). Subsequent acid-catalyzed multiphase chemistry of IEPOX is a significant 36 source of secondary organic aerosol (SOA) mass (Lin et al., 2012; Surratt et al., 2010) . In recent field 37 studies, up to 50% of summertime aerosol mass loadings in the southeastern United States have been 38 attributed to SOA resulting from IEPOX heterogeneous reactions (Budisulistiorini et areas with large isoprene emissions, such as forests primarily composed of broad-leaf vegetation. As a 41 significant SOA precursor, IEPOX has implications regarding potential climate forcing due to the 42 scattering of incoming radiation and also impacts human health due to its large contribution to PM2.5 43 (particulate matter <2.5 m in diameter) mass (Chung and Seinfeld, 2002; Dockery et al., 1993) . 44
Gas-phase IEPOX can partition to atmospheric aerosol surface area where it can react with aerosol 45 liquid water and aerosol-phase constituents, including sulfate, nitrate, and organics, to form a variety of 46 lower-volatility organic compounds that can remain in the aerosol and contribute to total aerosol mass. 47
Because their presence establishes IEPOX as the precursor, the particle-phase products are referred to as 48 IEPOX-SOA "tracers" (i.e., "molecular markers"). The efficiency of gas-phase IEPOX removal by 49 aerosol surface area is thought to be largely a function of aerosol acidity and concentration of nucleophiles 50 that can react with accommodated IEPOX by acid-catalyzed oxirane ring opening to yield the tracer 51 compounds (Eddingsaas et Wang et al., 2005) . In the aerosol phase, these oligomers or other high molecular weight aerosol species 66 may be in dynamic equilibrium with low molecular weight tracers (i.e., equilibrium between monomers 67 and oligomers) (Kolesar et al., 2015) . The formation of unsaturated IEPOX-derived oligomers has been 68 linked to brown carbon formation and therefore potential radiative forcing (Lin et al., 2014) . General 69 acids, such as bisulfate, can also serve as oxirane ring-opening catalysts, though rates for such reactions 70 tend to be significantly slower than rates for acid catalysis under the majority of aerosol conditions 71 (Eddingsaas et al., 2010; Gaston et al., 2014) . 72
To date, only the formation of IEPOX-derived 2-methyltetrols and/or organosulfates have been 73 investigated through direct bulk kinetic measurements (Cole-Filipiak et al., 2010), the extension of bulk 74 kinetic measurements of surrogate epoxides (Eddingsaas et al., 2010) , and computational estimates 75 (Piletic et al., 2013 Thermodynamics  Model  III  (AIM,  146 http://www.aim.env.uea.ac.uk/aim/aim.php) (Clegg et al., 1998; Wexler and Clegg, 2002) . The 147 composition of the atomizer solution was used as the AIM inputs with a RH of 10%, as AIM does not 148 allow RH inputs <10%. As is typical with aerosol thermodynamic model calculations, the aerosol 149 components were treated as a metastable solution thereby suppressing the formation of solid-phase species 150 (Hennigan et al., 2015) . Given the low chamber RH and the composition of the atomizer solution, the 151 seed aerosol was highly acidic, and this assumption is likely valid (Cziczo et al., 1997; Seinfeld and 152 Pandis, 2006). While some gas-phase measurements might be used to constrain aerosol thermodynamic 153 models like AIM, such measurements (e.g., gas-phase ammonia) were unavailable for this study. 154
Furthermore, the actual state of aerosols at low RH is difficult to represent in such models. As a 155 consequence, estimates presented here may be limited by the ability of so-called "reverse mode" 156 thermodynamic aerosol model calculations to appropriately represent the aerosols in the chamber. 157
A constant IEPOX-aerosol reaction probability () of 0.021 was assumed over the course of 158 modeled experiments, which is consistent with that measured for similar seed aerosol systems (Gaston et (IEPOX(aq)) it is allowed to react with the aerosol constituents to form the SOA tracer species. In addition 171
to Reactions (R1) and (R2), the model incorporates acid-catalyzed reactions to form C5-alkene triols, 3-172 chamber from a previous study are also applied to gas-phase IEPOX (kwall = 9.4  10 -5 s -1 ) and all aerosol-201 phase species (kwall-aerosol = 1  10 -5 s -1 ) (Riedel et al., 2015) . The rate of IEPOX injection into the chamber 202 is simulated in the model by an exponential decay of IEPOX in the injection manifold. The decay constant 203 () was varied between 1  10 -3 s -1 -2  10 -3 s -1 as a fitting parameter to better match the timescale of 204 observed SOA growth. However, over the 2-hour duration of the experiment, the value of the decay 205 constant had a negligible effect on the final model-predicted SOA growth. 206
The complete set of differential equations used to track each individual species in the model is 207 provided in Eq. 2 -12. 208
220 Five chamber experiments were performed with the low RH (NH4)2SO4 + H2SO4 seed aerosol 237 system. Table 1 Table 2 . 251
The tracer concentrations predicted by the model agree well with the filter measurements, differing by 252 <5% for all tracers. 253
The model also predicts significant titration of total aqueous inorganic sulfate species ([SO4 The model-predicted tracer formation rate constants for Reactions (R1) -(R7) are given in Table  264 3. These are averaged over all experiments and the listed errors correspond to one standard deviation. components would have a similar effect. A consequence of the constant surface area is that the model 292 does not account for any possible slowing of the uptake rate resulting from increased aerosol organic 293 content. Measurements of  on mixed and pure IEPOX-SOA would be required to resolve this question.
294
As a sensitivity test to the choice of 334 g mole -1 for the molecular weight of the "other SOA", 295 individual model runs were also performed assuming a molecular weight of 100 and 600 g mole -1 . As 296 expected, these tests had the most pronounced effect on the rate constants extracted from simulations with 297 the largest "other SOA" loadings, Exp. No. 1 and 2 (see Table 2 ). For the 100 g mole -1 case, the resulting 298 adjustment to the rate constants presented in Table 3 was at most a factor of 2.4 increase for IEPOX-OS 299 and a 23% decrease, on average, across the remaining rate constants. For the 600 g mole -1 case, all of the 300 rate constants were decreased by 25% on average. Apart from the IEPOX-OS rate constant under the 100 301 g mole -1 case, which was within 2, all of the rate constants resulting from these sensitivity tests fell 302 within the stated 1 uncertainties given in Table 3 . 303
Given the estimates of the tracer formation rate constants, the calculated khet, and the model output, 304 the molar SOA yield (SOA) can be estimated as the ratio of the sum of the tracer production rates over the 305 IEPOX(g) heterogeneous loss rate (Riedel et al., 2015) . for chamber studies. Considering the IEPOX and aerosol wall-loss rate constants provided above, the 313 corrections for these experiments are minor (<2% change to SOA). In general, SOA should mainly be a 314 function of the availability of nucleophiles, provided there is ample time for uptake and tracer formation 315 (Riedel et al., 2015) . SOA = 0.078 is similar to that predicted from an independent modeling approach 316 which estimated the SOA for this aerosol system at 0.1 -0.12 (Riedel et al., 2015) . These results indicate 317 that the molar yield of SOA from IEPOX heterogeneous reactions is likely to be significantly <1 for the 318 majority of atmospheric conditions where aerosols are likely to contain more water and be less acidic than 319 in this study. 320 321 Figure 5 shows the model output after 6 hours processing time, using as inputs the rate constants 324 from Table 3 and initial atmospheric conditions which might be representative of a daytime summer 325 urban/rural mixed air mass: 50% RH, ~500 pptv gas-phase IEPOX, and 250 m 2 cm -3 of ammonium 326 bisulfate aerosol surface area, corresponding to an aerosol mass loading of ~10 g m -3 . The model predicts 327 0.37 g m -3 of total SOA with the bulk (77%) being 2-methyltetrols, and minor amounts of IEPOX-OS 328 (14%), C5-alkene triols (7%), and 3-MeTHF-3,4-diols (2%). The remaining tracers -IEPOX-dimer, 329 IEPOX-dimerOS, and "other SOA" -are predicted to form in small amounts (<0.6 ng m -3 ). At the 330 increased RH and associated increase in aerosol liquid water, the 2-methyltetrols represent the majority 331 of the formed tracers (see Eq. 4). With the lack of wall-losses and the minor contribution of "other SOA", 332 which lowers SOA as described above, SOA will be larger (SOA = 0.125) for this atmospheric case 333 compared to the chamber simulations. Additionally, this simulation predicted no appreciable titration of 334 total aqueous inorganic sulfate, suggesting that titration is unlikely to occur in atmospheric sulfate-335 containing aerosols given expected IEPOX mixing ratios on the order of 1 ppbv. 336
Atmospheric implications 322
Keeping in mind that we cannot hope to capture two field studies perfectly for such a general 337 loadings by the SEMS-MCPC. This result precluded the extension of these kinetic studies to include 353 humid conditions. A possible explanation for the enhancement of filter mass loadings could be subsequent 354 reactions at the Teflon filter surface; however, appropriate controls are required to confirm such effects. 355
The deviation in mass loadings at higher RH indicate that artifacts may be introduced into field and 356 chamber measurements during filter collection even when sampling through a carbon strip denuder. 357
Low molecular weight tracers with significant vapor pressures may be detected as a result of 358 decomposition of SOA products. Such a possibility would dictate caution in adopting the kinetic estimates 359 presented here. The sum of these formation rates would likely represent an upper limit to the formation 360 of such SOA species under the assumption that more than one tracer could potentially be formed from the 361 degradation of these products. However, in the absence of evidence to the contrary, there is general 362 agreement that tracers constitute a large fraction of IEPOX-SOA, and additional investigations are 363 required prior to the proposal that certain SOA tracers represent decomposition products. 364
In summary, this study is a first approach at placing kinetic constraints on the formation of species 365 that have been quantified in laboratory and field measurements but lack directly measured experimental 366 rate constraints. While bulk solution rate constant estimates are desirable, such measurements pose a 367 challenge when authentic standards are unavailable or when surrogates do not adequately represent the 368 true compounds. Additionally, it is unclear that bulk-phase kinetics can approximate aerosol-phase 369 reactions where non-ideal conditions likely play a role. The flexible approach described here may readily 370 be extended to other SOA production systems known to have atmospheric importance. 371
This study approximates tracer branching ratios for the currently proposed SOA tracers resulting 372 from IEPOX uptake, a necessary step to predict isoprene-derived SOA production in regional models that 373 guide policy decisions. Additional laboratory studies to identify SOA products and elucidate formation 374 mechanisms are important to ensure that both chamber and field measurements accurately reflect 375 atmospheric processes. Modeling developed on the basis of such experimental systems can then be 376 extended to large-scale models. 590 Table 3  591 
